Observation and Spin-Parity Determination of the X(1835) in J/ψ → γK
We report an observation of the process J/ψ → γX(1835) → γK The non-Abelian property of quantum chromodynamics (QCD) permits the existence of bound states beyond conventional mesons and baryons, such as glueballs, hybrid states, and multiquark states. The search for these unconventional states is one of the main interests in experimental particle physics. One of the most promising candidates, the X(1835) resonance, was first observed in its decay to π + π − η ′ in the process J/ψ → γπ + π − η ′ by BESII [1] ; this observation was subsequently confirmed by BESIII [2] . The discovery of the X(1835) has stimulated theoretical speculation concerning its nature. Possible interpretations include a pp bound state [3] , a second radial excitation of the η ′ [4] , and a pseudoscalar glueball [5] . In addition, an enhancement in the invariant pp mass at threshold, X(pp), was first observed by BESII in the decay J/ψ → γpp [6] , and was later also seen by BESIII [7] and CLEO [8] . In a partial-wave analysis of J/ψ → γpp, BESIII determined the J P C of the X(pp) to be 0 −+ [9] . The mass of the X(pp) is consistent with the X(1835) mass measured in J/ψ → γπ
, but the width of the X(pp) is significantly narrower.
To understand the nature of the X(1835), it is crucial to measure its J P C and to search for new decay modes. Because of its similarity to J/ψ → γπ
S η, which are forbidden by exchange symmetry and CP conservation. Therefore, the channel J/ψ → γK 0 S K 0 S η provides a clean environment with minimal uncertainties due to background modeling. In this Letter, we report the first observation and spin-parity determination of the X(1835) in J/ψ → γK 0 S K 0 S η, where the K 0 S and η are reconstructed from their decays to π + π − and γγ, respectively. The analysis is based on a sample of (1310.6 ± 10.5)× 10 6 J/ψ events [10, 11] collected with the BESIII detector [12] .
The BESIII detector is a magnetic spectrometer operating at BEPCII, a double-ring e + e − collider with center of mass energies between 2.0 and 4.6 GeV. The cylindrical core of the BESIII detector consists of a heliumbased main drift chamber (MDC), a plastic scintillator time-of-flight system, and a CsI(Tl) electromagnetic calorimeter (EMC) that are all enclosed in a superconducting solenoidal magnet providing a 1.0 T (0.9 T in 2012, for about 1087 × 10 6 collected J/ψ) magnetic field. The solenoid is supported by an octagonal flux-return yoke with resistive plate counter muon identifier modules interleaved with steel. The acceptance of charged particles and photons is 93% of the 4π solid angle, and the charged-particle momentum resolution at 1 GeV/c is 0.5%. The EMC measures photon energies with a resolution of 2.5% (5%) at 1 GeV in the barrel (end caps). A geant4-based [13] Monte Carlo (MC) simulation software package is used to optimize the event selection criteria, estimate backgrounds, and determine the detection efficiency.
Charged tracks are reconstructed using hits in the MDC. Because there are two K 0 S with displaced vertices, the point of closest approach of each charged track to the e + e − interaction point is required to be within ±30 cm in the beam direction and within 40 cm in the plane perpendicular to the beam direction. The polar angle between the direction of a charged track and the beam direction must satisfy | cos θ| < 0.93. Photon candidates are selected from showers in the EMC with the energy deposited in the EMC barrel region (| cos θ| < 0.8) and the EMC end caps region (0.86 < | cos θ| < 0.92) greater than 25 MeV and 50 MeV, respectively. EMC cluster timing requirements are used to suppress electronic noise and energy deposits unrelated to the event.
Candidate J/ψ → γK Potential background processes are studied using a simulated sample of 1.2 × 10 9 J/ψ decays, in which the decays with measured branching fractions are generated by EvtGen [14] and the remaining J/ψ decays are generated according to the lundcharm [15] model. Simulated events are subject to the same selection procedure applied to data. No significant peaking background sources have been identified in the invariant mass spectrum of K
These non-η backgrounds are considered in the partial wave analysis (PWA) by selecting events from data in the η sideband regions defined as 0.45 < M γγ < 0.48 GeV/c 2 and 0.60 < M γγ < 0.63 GeV/c 2 , and they account for about 2.5% of the total number of events in the η signal region.
A PWA of events satisfying M K 0 In this Letter, only spins J < 3 and possible S-wave or P -wave decays of the X are considered. The amplitudes are constructed using the covariant tensor formalism described in Ref. [16] . The relative magnitudes and phases of the partial wave amplitudes are determined by an unbinned maximum likelihood fit to data. The contribution of non-η background events is accounted for in the fit by subtracting the negative log-likelihood (NLL) value obtained for events in the η sideband region from the NLL value obtained for events in the η signal region. The statistical significance of a contribution is estimated by the difference in NLL with and without the particular contribution, taking the change in degrees of freedom into account. Our initial PWA fits include an X(1835) resonance in the f 0 (980)η channel and a nonresonant component in one of the possible decay channels f 0 (980)η, f 0 (1500)η or f 2 (1525)η. All possible J P C combinations of the X(1835) and the nonresonant component are tried. We then extend the fits by including an additional resonance at lower K 0 S K 0 S η mass. This additional component, denoted here as the X(1560), improves the fit quality when it is allowed to interfere with the X(1835). Our final fits show that the data can be best described with three components: X(1835) → f 0 (980)η, X(1560) → f 0 (980)η, and a nonresonant f 0 (1500)η component. The J P C of the X(1835), the X(1560), and the nonresonant component are all found to be 0 −+ . The X(1835), X(1560), and f 0 (1500) are described by nonrelativistic Breit-Wigner functions, where the intrinsic widths are not energy dependent. The masses and widths of the X(1835) and X(1560) are derived by scanning each over a certain range. The f 0 (1500) mass and width are fixed to the values reported in Ref. [17] . The f 0 (980) is parameterized by the Flatté formula [18] , with the parameters fixed to the values reported by BESII [19] decay mode of the nonresonant component compared to the nominal solution described above. The NLL value of a fit with a 1 ++ nonresonant f 0 (1500)η component is only worse by 0.8 compared to the nominal solution, which indicates that we cannot distinguish between the two spin assignments of the nonresonant component with our present statistics. This ambiguity introduces large systematic uncertainties in the B X(1835) , since the interference between the X(1835), X(1560), and the nonresonant component depends on the spin assignment of the latter. To establish the J P C of the X(1835), we perform a series of PWA fits assuming alternative J P C hypotheses for both the X(1835) and the nonresonant contribution. For the nonresonant contribution, we also test several possible decay channels [f 0 (980)η, f 0 (1500)η, and f 2 (1525)η] in turn. For each nonresonant component assumption, the X(1835) 0 −+ hypothesis is significantly better than the 1 ++ or 2 −+ hypotheses, with the NLL value improving by at least 41.6 units. Analogously, we perform the same series of PWA fits for the X(1560). Again the 0 −+ hypothesis for the X(1560) always yields a significantly better fit result than other J P C assignments, with the NLL value improving by at least 12.8 units.
We evaluate the contributions from additional wellknown resonances by adding them individually to the fit.
We consider all possible combinations for X and its subsequent decay products Y and Z as given in Ref. [17] : for X, this includes η(1760), η(2225), For the measurements of the masses and widths of the X(1835) and X(1560) and the product branching fraction B X(1835) , we include the following sources of systematic uncertainties in addition to the sources discussed above: we change the K 2 ; we change the f 0 (980) mass and coupling constants in the Flatté formula to other experimental measurements [20] [21] [22] ; we change the f 0 (1500) mass and width by one standard deviation [17] ; we increase and decrease the non-η background level by one standard deviation; we change the parameterization of the X(1835) and X(1560) line shape to a Breit-Wigner function whose intrinsic width is energy-dependent [23] ; and we replace the X(1560) by η(1405) or η(1475). For the systematic errors of the product branching fraction B X(1835) , we also consider the following additional uncertainties. The K 0 S reconstruction efficiency is studied using two control samples of J/ψ → K * ± K ∓ and J/ψ → φK 0 S K ± π ∓ , while the photon detection efficiency is investigated based on a clean sample of J/ψ → ρπ. The differences between data and MC simulation are 1.0% for each K 0 S and 1.0% for each photon [24] . A control sample of J/ψ → γK
0 is selected to estimate the uncertainty associated with the 4C kinematic fit. The efficiency is the ratio of the signal yields with and without the kinematic fit requirement χ 2 4C < 40. The difference between data and MC simulation, 1.5%, is assigned as the systematic uncertainty. We also consider the uncertainties from the number of J/ψ events [10, 11] and the branching fractions of K 0 S → π + π − and η → γγ [17] . We change the mass and width of X(1835) or X(1560) by 1 standard deviation of the statistical uncertainty. The individual uncertainties are assumed to be independent and are added in quadrature to obtain the total systematic uncertainties as presented in the Supplemental Material [25] .
In summary, a PWA of J/ψ → γK . These results are all first-time measurements and provide important information to further understand the nature of the X(1835).
Another 0 −+ state, the X(1560), also is observed in data with a statistical significance larger than 8.9σ and is seen to interfere with the X(1835). The mass and width of the X(1560) are determined to be 1565 ± 8(stat) 
